Xiao B, Zanoun RR, Carvell GE, Simons DJ, Washington KM. Response properties of whisker-associated primary afferent neurons following infraorbital nerve transection with microsurgical repair in adult rats.
PERIPHERAL NERVE INJURIES, particularly those involving highly innervated regions, such as the glabrous skin of the hand, result in long-term and most often, permanent deficits in discriminative tactile function necessary for skillful sensorimotor behaviors, such as manipulating objects and precision grip (Westling and Johansson 1984) . Damaged peripheral nerves regenerate, but reinnervation of low-threshold mechanoreceptors and functional recovery-the latter assessed clinically by neurological testing and/or by conduction measures of whole nerves-is incomplete. Deficits in tactile discriminative function remain a significant clinical problem despite advances in surgical technique (Lundborg and Rosen 2007) , indicating the need for new therapeutic modalities (Faroni et al. 2015; Navarro et al. 2007; Zhang et al. 2007) . A widely used preclinical model is recovery after sciatic nerve damage in rats (Savastano et al. 2014; Varejao et al. 2004) . Functional assessment often relies on evaluation of gross sensorimotor function, e.g., gait, and whole-nerve electrophysiology and/or morphology. Interpretation of experimental results can be complicated by the anatomical and physiological complexity of the nerve itself [for reviews, see Irintchev (2011); Wood et al. (2011) ]. Nerves innervating limbs are mixed sensorimotor nerves, and the population of affected sensory receptors is diverse in nature and spatial distribution. In addition, it is difficult to record from single afferent neurons either individual fibers or dorsal root ganglion cells. These limitations can potentially obscure the effects of interventions that may ameliorate some aspects of nerve recovery but not others.
The rodent trigeminal system, specifically the component that provides discriminative sensory information from the facial whiskers, offers a number of advantages as a model system for studying neural plasticity and repair (Feldman and Brecht 2005; Woolsey 1978; Wu et al. 2011) . Whiskers are readily identifiable, and they can be mechanically deflected in a controlled fashion. They are sophisticated tactile organs embedded within complex sinus hair follicles containing two major types of well-characterized, low-threshold mechanoreceptors (Ebara et al. 2002; Rice et al. 1986 ): Merkel cells, thought to mediate slowly adapting (SA) responses, and lanceolate endings, presumed rapidly adapting (RA) receptors. The infraorbital nerve (ION), the branch of the trigeminal nerve that innervates the whiskers, is a purely sensory one. Importantly, stable, extracellular, single-unit recordings can be readily obtained in the trigeminal ganglion at the base of the skull. Whisker deflections can be carefully controlled, permitting quantitative assessment of different response properties.
Nerve fibers in the ION provide the sole sensory input to central somatosensory pathways that process discriminative, touch-related information. Many of the response properties observed in these processing stations reflect those of lowthreshold trigeminal ganglion cells (Lee and Simons 2004) . Critical factors thought to underlie discriminative whisking behaviors include spatial accuracy, e.g., topography, and spiketiming precision at millisecond scales, functions established initially in the primary afferent nerves (Shoykhet et al. 2000; Stuttgen et al. 2006) . ION damage in adult animals leads to degeneration of the distal axons innervating the whiskers and to cell death in the trigeminal ganglion (Aldskogius and Arvidsson 1978; Holland 1996) . Recovery is associated with partial regeneration of distal processes (Pali and Negyessy 2002) . However, mechanoreceptor populations within the whisker follicle remain altered even after months of recovery (Renehan and Munger 1986) , accompanied by a number of qualitatively described abnormalities in whisker-evoked responses of trigeminal ganglion cells (Renehan et al. 1989) . Together, findings underscore the importance of restoring or maximizing the ability of regenerating nerve fibers to convey low-threshold, detailed information to the central nervous system (CNS).
Here, we use single-cell recordings of trigeminal ganglion cells and controlled whisker stimulation to examine quantitatively the effects of ION transection with microsurgical repair on functional properties of two main classes of low-threshold mechanoreceptive afferents within whisker follicles of adult rats. Results demonstrate receptor-and time-dependent improvements over a 2-mo recovery period. Despite notable recovery of various response properties, neurons in nervedamaged animals display a number of long-lasting and in some cases, perhaps permanent deficits that are likely to affect adversely discriminative CNS function and that would need to be addressed by future therapeutic interventions.
METHODS

Animals.
All animals received care in compliance with the Institutional Animal Care and Use Committee and protocol approval from the University of Pittsburgh and followed guidelines from the Guide for the Care and Use of Laboratory Animals published by the U.S. National Institutes of Health.
Rats, 8 -10 wk of age (Harlan Sprague Dawley, Envigo, Indianapolis, IN), were anesthetized with 50 mg/kg ip pentobarbital sodium, supplemented, as needed, with 10 mg/kg injections. Surgeries were performed using sterile technique with animals kept on a heating pad to maintain core temperature at 37°C. A small incision was made just proximal to the mystacial (whisker) pad on the left side of the face and distal to the nerve's exit from the infraorbital foramen (Fig. 1A) . Subcutaneous tissue was dissected to expose the infraorbital branch of the trigeminal nerve. Under 30ϫ magnification, the nerve was transected using micro-scissors. The cut ends of the nerve trunk were approximated in their normal anatomical orientation and sutured through the epineurium with a 10-0 nylon suture. Approximately 10 sutures were placed at locations around the nerve to sew it together (Fig. 1B) . The skin was sutured closed with 5-0 chromic dissolvable sutures, and the wound was closed with 5-0 chromic dissolvable sutures. Following recovery from anesthesia, the rats were returned to individual cages with a 12-h light-dark cycle. Rat chow and water were available ad libitum. Nerve-transected animals (n ϭ 41) were studied electrophysiologically from 3 to 8 wk post-transection and repair. Ten unoperated animals served as controls. All recording experiments were acute; longitudinal data were obtained by recording separately from animals having the different periods of postsurgical recovery.
Trigeminal ganglion cell recordings. Electrophysiological experiments were performed using procedures similar to those described previously (Lee and Simons 2004; Lichtenstein et al. 1990 ). Rats were anesthetized with isoflurane (1-2%) using an ϳ1:1 mixture of O 2 and N 2 . A short length of polyethylene tubing was inserted into the trachea as a cannula, the dorsal surface of the skull was exposed, and a steel post for holding the animal's head was fixed to the bone using dental acrylic. During the recording sessions, the head-post allowed unimpeded access to the facial whiskers. A stainless-steel skull screw for electrical grounding was inserted into the frontal region of the skull. The head was positioned so that the dorsal surface of the skull was parallel to the recording table. With the use of a dental drill, a craniotomy was produced on the left side, overlying the left trigeminal ganglion at the base of the skull (ϳ2.4 mm anterior to the bregma and ϳ2.6 mm lateral to the midline). The trigeminal ganglion is located at the base of the skull, ϳ10 mm below the cortical surface. Core temperature was maintained at 37°C using a servo-controlled heating blanket. At the conclusion of the recording session, which typically lasted 10 h, the animal was euthanatized with an overdose of isoflurane. In some animals, the nerve was harvested for later histological study.
Single-neuron recordings and whisker stimulation. Extracellular recordings of single neurons in the trigeminal ganglion were obtained using varnish-coated stainless-steel or tungsten microelectrodes (2-4 M⍀ at 1,000 Hz; FHC, Bowdoin, ME) that were advanced from the surface of the cortex into the trigeminal ganglion using a hydraulicstepping, motor-driven microdrive. Standard amplification and bandpass filtering (300-10 kHz) were used for recording action potentials. Spike waveforms, collected at 32 kHz, were parsed online, according to amplitude criterion, and subsequently examined on the basis of principal components using custom spike-sorting software written in LabVIEW (National Instruments, Austin, TX). Single units were identified on the basis of spike waveform (see Fig. 2 ). Sequential spikes could be recorded at intervals of Ն0.53 ms.
The whisker activating the recorded unit, called the principal whisker (PW), was first identified using a hand-held probe and audio monitoring. Whiskers were identified by row and arc using the standard nomenclature for the field (see figurine in Fig. 2) . A multiangle piezoelectric stimulator (Simons 1983) was then attached to the PW, 10 mm from the base of the hair. The stimulator was used to deflect the whisker in eight angular directions in 45°increments (0°ϭ caudal, 90°ϭ dorsal; see Fig. 2 ). Stimuli consisted of ramp-and-hold deflections of 125 mm/s onset and offset velocities and plateau durations of 200 ms (see Fig. 2 ). Data were collected for a 500-ms period bracketing the stimulus. Each deflection was repeated 80 times, in 10 blocks of 8 randomized directions. A laboratory computer controlled the stimulator and collected the neurophysiological data. Spike waveforms and spike times, along with stimulus information, e.g., deflection angle, were saved to disk. The purpose of the study was to examine quantitatively the response properties of individual neurons. Therefore, we did not attempt to assess in detail whisker topography in the trigeminal ganglion, because such mapping experiments require large numbers of microelectrode penetrations within individual animals.
ION stimulation and trigeminal ganglion recording. Eleven animals (9 transected, 2 control) were examined to determine conduction properties of the ION. The nerve was exposed a few millimeters proximal to the mystacial pad and ϳ20 mm from the trigeminal ganglion. For transected animals, the stimulation site was distal to the repair. A bipolar electrode, consisting of a pair of Teflon-coated, stainless-steel wires (0.011 in. outside diameter), spaced ϳ3 mm apart, was positioned to span the width of the nerve. A Grass stimulator and constant current isolator were used to deliver monophasic pulses of 0.05 ms duration at a rate of 0.6 Hz. Recordings of evoked compound nerve potentials recorded in the trigeminal ganglion were made with the same microelectrodes used for single-unit recordings. Potentials were band-pass filtered at 300-3 kHz to reduce the stimulus artifact. Stimulus intensity was adjusted to 2ϫ threshold for eliciting a response; thresholds ranged from 0.65 to 5.5 mA. With the use of a digital oscilloscope, conduction time was measured from the onset of the stimulus to the initial positive peak of the response (see Fig. 7 ). Paired pulses were used to measure the absolute refractory period, defined as the interpulse interval, at which the second evoked response disappeared.
Data analyses. Data were analyzed using custom software written in Excel Visual Basic and the Excel add-on statistical package, Analyse-it (Analyse-it Software, Leeds, UK). Peristimulus time histograms (PSTHs), having 1-ms bins, were constructed from spike times of individual single units. Spike counts for different time epochs were averaged over the 10 trials for each of the 8 deflection directions. Responses to stimulus onsets (ON responses) were calculated during a 20-ms period beginning 1 ms after deflection onset; this epoch captures the initial, transient phase of the whisker-evoked response (see Fig. 2 ). Data are presented as mean spikes/stimulus; a response of Rice 1985) . For interspike interval analyses, spike times were converted to 0.1-ms intervals. ON response latency was calculated from the maximal angle PSTH constructed from stimulus onsets. The ON response and spontaneous bin values were compared using a Poisson distribution, and the first ON response bin that exceeded a 97.5% confidence level was taken as the earliest time of the evoked response.
We used a tuning index to quantify a unit's angular (directional) responses
where MAXOn is the mean spike count for the maximally effective deflection angle (10 deflections), and ON7 is the average spike count over the other seven angles (70 deflections). The tuning index varies from 0.0 for a circular polar plot to 1.0 for a polar plot in which responses are evoked at only a single direction; values are independent of overall firing rate. We used vector analysis of polar plot data to compare directional preferences among the studied unit populations. Response magnitudes (in spikes/stimulus) for the eight deflection angles were normalized to the response at the maximally effective angle, eliminating the effects of different response strengths among units but preserving the overall shape of the polar plot. Each of the eight normalized values (R) was converted to a vector of polar coordinates:
The preferred angle is calculated as arctan͑ A ͒ ϭ sum͑y͒ sum͑x͒ Group data were statistically evaluated using Tukey-Kramer tests for multiple comparisons; values for transect/repair groups were compared with control values. We also used linear regression to examine how response measures from transected animals changed over time post-transection (3-8 wk).
RESULTS
Whisker-driven responses could be obtained reliably from transected/repaired animals beginning 3 wk after surgery, although the likelihood of isolating a responsive cell at this time was notably low compared with control animals. We recorded from several 2-wk rats and were unable to find responsive units, although we did encounter some spontaneously firing cells. Qualitatively, the yield of driveable units increased with longer recovery times. Even in 3-wk animals, however, responses, when observed, were brisk and clearly related to a single whisker. Indeed, as in normal rats, all cells in transected animals responded to deflection of one and only one whisker. In normal animals, neurons recorded near one another, that is, within a single microelectrode penetration, typically respond to nearby whiskers, and a coarse topographical organization of the whiskers can be discerned; e.g., more dorsal whiskers are represented more medially in the ganglion (Leiser and Moxon 2007; Lichtenstein et al. 1990 ). In transected animals, whisker receptive fields of successively encountered cells could be quite disparate, e.g., a row B whisker-responsive cell recorded near a row E-responsive cell, and no topographical organization was evident. Figure 2 shows representative data from units recorded in two different animals, 4 wk post-transection/repair. Individual PSTHs were constructed from responses accumulated over 10 deflections at each of 8 directions. The number of spikes discharged during the 20 ms following deflection onset (ON responses) is plotted in polar coordinates in the graphs at the bottom of the figure. Next to each polar plot are 50 overlaid traces of the unit spikes. Note that these representative polar plots, like those from control cells (Lichtenstein et al. 1990) , are not disjointed, such that response magnitudes decay more or less continuously from the maximal angle. The unit of Fig.  2A displays an RA profile (note absence of activity during the plateau phase). The neuron responded at short latency to initial whisker movements with a bias toward dorsal and caudal directions (see figurine for orientation); the maximally effective direction (45°) evoked an average of 1.5 spikes/stimulus. The average ON response calculated over all eight angles was 0.68 spike/stimulus, yielding a tuning index of 0.46 (see METHODS). The earliest spikes occur within 2 ms after the beginning of the whisker movements. The unit also fired spikes at stimulus offsets at some angles. Similarly, in normal animals, RA cells display an ON and OFF response, firing to both stimulus onsets and offset, often with the same deflection (Lichtenstein et al. 1990 ). The unit in Fig. 2B shows an SA profile, having plateau activity that exceeds (the low) prestimulus spiking. The unit was tuned for ventral deflections with a maximum at 270°of 2.5 spikes/stimulus (average over all 8 angles ϭ 0.74 spike/stimulus onset; tuning index ϭ 0.675). For comparison, a typical response from a control SA unit is also shown. As in normal animals, this SA cell responded in a directionally consistent ON or OFF fashion, firing to return directions (OFF) that are opposite those evoking large ON (and plateau) responses, e.g., an ON response to 270°deflections and an OFF response to the return from a 90°deflection.
We obtained similar quantitative data from 714 units studied in 51 animals (Fig. 3A) . In control animals, 57% of units displayed SA profiles. As shown in Fig. 3B , SA units were observed less frequently ( 2 tests, P Ͻ 0.03) at all postrepair times, except for the 5-wk group. Because in control animals, RA units fire, on average, less robustly than SA units, we performed all of the remaining analyses separately for each response type.
Stimulus-evoked responses calculated for each cell's maximally effective or "best" deflection angle were determined separately for ON responses of RA and SA units and for plateau responses of SA cells (Fig. 4) . Consistent with previous findings (Lichtenstein et al. 1990 ), SA units have larger ON response magnitudes than RA units, and this was observed in transected animals as well. Regression analyses showed that response magnitudes increased with longer postrepair recovery times; post hoc comparisons indicated that RA units did not reach control levels, even at 8 wk postrepair (P Ͻ 0.001). Extrapolation of the regression lines suggests that mean RA ON responses would reach the control mean at 16 wk postrepair, assuming that improvement continued linearly. For SA units, ON responses were significantly smaller than control levels at all postrepair times (P Ͻ 0.002), except for 8 wk, at which point, they did not differ statistically from control values. Indeed, regression-based analyses indicate that the control mean value would be attained by 10 wk postrepair. Similar results for RA and SA units (data not shown) were observed for ON responses averaged over all eight deflection angles but not when responses were examined at only a single deflection angle, i.e., 0°, indicating the importance of controlling the deflection angle in assessing recovery. For all groups, ON responses of SA units were larger than those of corresponding RA units (t-tests, all P Ͻ 0.001). Plateau responses of SA units increased up to 5 wk postrepair, at which point, they were statistically equivalent to control values (P Ͻ 0.02 for wk 3 and 4). Similar results were obtained for OFF responses, and we do not report further OFF response analyses. Increases in response magnitudes of both RA and SA units over time parallel our qualitative observation that responsive cells were encountered more frequently with longer recovery times.
We examined spiking statistics during ON responses using interspike intervals. First, we identified individual trials in which a unit fired two or more spikes. Figure 5A plots these data as a proportion of all trials. Control units fired multiple spikes on the vast majority of trials (RA: 87%; SA: 97%). RA units in all transected/repair groups failed to reach the control level, with the largest proportion of multiple spike trials at 0.64 at 6 wk. Although higher proportions of SA units fired multiple spikes, none of the transected/repaired groups attained control level ( 2 tests, all P Ͻ 0.02). Additionally, we calculated average interspike intervals for trials in which the cell fired two or more spikes (Fig. 5B ). Both RA (Fig. 5B) and SA (Fig. 5D ) units fired at higher rates with longer postrepair times (Pearson: P Ͻ 0.0001). However, none of the transected/repaired groups attained control levels (Tukey-Kramer: P Ͻ 0.0001). Thus following ION transection and repair, trigeminal ganglion cells, on average, fired fewer spikes/whisker deflection and did so at lower instantaneous firing rates. Extrapolation of regression lines suggests that control response magnitudes would be reached at ϳ11 wk for RA units and 9 wk for SA units. Trigeminal ganglion cells recorded in ION-transected animals fired at longer delays to whisker deflection. With the use of maximal angle PSTHs having 1-ms bins, we determined the time of the first bin having a spike count significantly larger than prestimulus firing; the difference in time from deflection onset is taken as a measure of response latency. For RA units (Fig. 6A) , latencies for all recovery groups were longer (P Ͻ 0.0004) than controls, except for the 5-wk group that differed at trend level (P ϭ 0.08). For SA units (Fig. 6B) , all recovery groups differed from control values (P Ͻ 0.001), except for the 8-wk group (P ϭ 0.13). Regression analyses showed that both RA and SA units responded sooner with longer post-transection recovery times. Regression slopes indicated that if response latency continued to improve linearly, then control means would be reached at ϳ13 wk for RA units and 12 wk for SA units.
Response latency to whisker deflection may not assay the ability of the regenerating nerve fibers to conduct axon potentials. Therefore, we used recordings of evoked compound nerve potentials in the trigeminal ganglion in conjunction with electrical stimulation of the ION to estimate population axon conduction times. Figure 7A shows exemplary traces from a control animal and one from a 5-wk postrepair animal. In control animals, stimulation of the nerve just proximal to the whisker pad evokes a triphasic response lasting several hundred microseconds. Response latencies, measured to the initial positive peak, average 0.55 ms (Fig. 7B) . This is considerably faster than the average latency to a whisker deflection (RA ϭ 3.1 ms; SA ϭ 3.5 ms). The longer whisker-evoked response latency likely reflects, in part, the mechanical transduction process at the nerve terminals within the whisker follicle. As illustrated by the 5-wk postrepair recording, evoked potentials in ION-transected animals were typically multiphasic, temporally dispersed, long lasting, and slower than in control animals. Figure 7B plots data obtained from two animals at each time period, except for 6 wk, wherein only one animal was examined. Although conduction times improved from wk 3 to 5, data from the 8-wk recordings suggest that axon conduction may not recover uniformly over time. Qualitatively similar results were obtained for measures of refractory periods (Fig.  7C) . Comparison of electrically evoked conduction times and whisker-evoked response latencies, as well as comparison of refractoriness and whisker-evoked interspike intervals, suggests that there may be little correspondence between recovery of axonal conduction properties and recovery of tactile responsiveness.
As illustrated in Fig. 2 , trigeminal ganglion cells typically display response tuning for whisker deflections at different angles. Angular preference is thought to reflect the circumferential distribution of an axon's receptor endings within the whisker hair follicle (see DISCUSSION) . We quantified angular tuning using a tuning index that compared response magnitudes at the maximally effective angle with responses averaged over the other seven angles (see METHODS). For RA units (Fig.  8A) , tuning indices were larger than control values (larger numbers ϭ better tuning) at 3, 4, and 6 postrepair wk, possibly reflecting fewer regenerated receptors (see DISCUSSION); regression analyses failed to show a systematic progression. None of the SA transection/repair groups differed from control levels (Fig. 8B) .
Despite lower overall stimulus-evoked firing, angular tuning, especially in the case of SA cells, appears to be little changed as a result of ION transection. On the other hand, directional preferences of SA, but not RA, cells are skewed relative to control values. Figure 8 , C and D, shows directional preferences, calculated as vector angles (see METHODS), for transected/repair and control groups, as well as showing population means. For RA cells, angles were uniformly represented with a slight bias toward caudal directions (see figurine). For SA cells, preferred directions were also slightly biased toward caudal angles but were clearly skewed ventrally. We categorized each vector as dorsally oriented (0 -179°) or 2 tests demonstrated no difference in the proportion of dorsal vs. ventral orientations for all RA-transected and all RA control units (P ϭ 0.46). SAtransected cells, on the other hand, were more likely to be oriented ventrally than SA control cells (P Ͻ 0.0001).
DISCUSSION
We used controlled whisker stimulation and quantitative single-unit analyses to examine functional recovery of cutaneous mechanoreceptor primary afferent neurons following ION transection with microsurgical repair in adult rats. Whiskerevoked responses could be observed during the third week post-transection. The likelihood of finding responsive cells was low at this early time period but increased notably by the fourth and fifth weeks. Following nerve crush in adult rats, regenerating whisker afferents are first observed within the whisker follicle at 2 wk, but this reinnervation is delayed by several more weeks with nerve transection without repair (Renehan and Munger 1986) . These findings suggest that the surgical procedures for repair used in the present study facilitate more rapid recovery of peripheral nerve function, although available evidence indicates that to be effective, such repair must be performed soon after the injury (Faroni et al. 2015; Hart et al. 2008 ).
Even in 3-wk animals, peripherally responsive cells fired briskly to manual or controlled whisker deflections of relatively moderate velocities. Both RA and SA response profiles could be observed, although compared with controls, response magnitudes were smaller and response latencies longer. The relative proportion of units having SA-type responses was markedly reduced. During the next 5 wk, response profiles improved, although not to control values for all measures. RA-type cells recovered to a lesser extent; our analyses suggest that for most measures, SA-type units would reach control values by 8 -12 wk post-transection, whereas full recovery of RA-type responses, if it occurred at all, would require 11-16 wk, depending on the response measure. Consistent with our findings, 60 days following nerve transection in adult rats, the proportion of SA-type units is somewhat reduced, and the proportion of units having low-velocity thresholds is relatively unchanged (Renehan et al. 1989) . Of course, we cannot determine from our experiments whether a trigeminal ganglion cell in a nerve-damaged animal that fired in SA (or RA) fashion post-transection/repair innervated SA (or RA) receptors before nerve damage. In addition, because we could only study cells that responded to whisker deflections, we cannot estimate the proportion of cells that survived the transection.
As in normal rats, individual trigeminal ganglion neurons responded to deflection of one and only one whisker, even at the earliest time when responses could be evoked. A previous study (Renehan et al. 1989) reported only 2 of 89 lowthreshold vibrissa cells with receptive fields that included Ͼ1 whisker. We did not systematically asses dual innervation of vibrissae and common fur, but Renehan et al. (1989) found only one cell that was responsive to both whisker and guard hairs. We did not assess high-threshold responses normally associated with small-diameter fibers. In normal animals, trigeminal ganglion cells are organized in a loose but readily recognizable and consistent topography (Leiser and Moxon 2007; Lichtenstein et al. 1990; Maklad et al. 2004 ). For example, within a microelectrode penetration, successively encountered cells respond to the same whisker or to a closely neighboring whisker. Strikingly, in all of the transected animals, receptive fields of nearby units were clearly disparate. Similarly, disrupted whisker topography in the trigeminal ganglion, assessed physiologically or anatomically, persists for at least 60 days following nerve transection without surgical repair in adult rats (Renehan et al. 1989) . A likely explanation is that a regenerating axon follows a channel, possibly established by Schwann cells distal to the transection (Fawcett and Keynes 1990) , which leads to a single whisker follicle. The misrouting of regenerating distal axons will have a substantially deleterious effect on CNS processing that depends on high-resolution spatial mapping (Kis et al. 1999; Waite and Cragg 1982) .
Angular tuning, that is, the overall shape of the polar plot, is thought to reflect the circumferential distribution of receptor endings innervated by an individual afferent neuron (Gottschaldt et al. 1973; Lichtenstein et al. 1990; Rice et al. 1986 ). Our finding that tuning in SA-type units was equivalent to control values at all recovery periods and that tuning in RA units was only slightly altered suggests that once inside the follicle, the regenerating axon innervates an appropriate subset of receptors in a nonuniform fashion. Consistent with the view that the regenerating distal portion of a sensory axon is guided by extraneural mechanical conduits that are largely unaffected distal to the lesion, a regenerating axon may innervate an incorrect follicle, but once there, it distributes itself among a specific set of spatially distributed receptors.
With the use of controlled whisker deflections, we identified each cell's maximally effective direction and found smallerthan-normal ON response magnitudes, except for SA-type cells at 8 wk recovery. Similar results were obtained when ON responses were calculated over all eight angles, reflecting the finding (noted above) that angular tuning was largely unaffected by nerve transection. Smaller response magnitudes reflect, in part, fewer trials containing more than one evoked spike and longer interspike intervals for those trials having two or more spikes. A possible explanation is that the whisker follicle, a complex structure including major blood sinuses, undergoes denervation-related structural changes. However, Renehan and Munger (1986) did not note any alterations in the gross morphology of reinnervated follicles.
A second possibility is spike failure along the distal (regenerated) portion of the axon and/or across the repair site. Although we found that refractory periods of evoked potentials were longer in transected animals, they were markedly shorter than interspike intervals in spike trains evoked by whisker deflection, even in control animals. These findings suggest that recovery of axon excitability is not a limiting factor in the responses that we evoked with our moderate velocity (125 mm/s) whisker deflections.
A third and perhaps more likely explanation for smaller response magnitudes in transected animals relates to action potential generation and/or propagation at the terminal branches of the regenerated fibers. In rats, multiple Merkel cells (presumed SA receptors) are innervated by branches of a single parent axon. Similarly, multiple palisades of lanceolate endings (presumed RA receptors) are innervated by individual axons. The receptor endings themselves may be reduced in number, lowering the probability of spikes being initiated at the node of Ranvier and propagating into the main trunk of the axon. In this regard, ION damage, either crush or transection, is associated with an initial loss of all lanceolate endings, and these do not fully repopulate the follicle months after nerve damage (Renehan and Munger 1986) . Merkel cells do not degenerate, but 5 mo post-transection, only one-fifth of the receptors is reinnervated. These anatomical findings parallel our physiological results that SA neurons recover better. For example, the slower recovery of RA units may reflect the fact that lanceolate endings must be regenerated anew, whereas Merkel cells (presumed SA receptors) remain intact. Fewer and less-widely distributed lanceolate endings per axon may also account for the slightly higher polar plot tuning indices of RA cells in transected animals (Fig. 8A) . Interestingly, SA cells in transected animals showed a bias in favor of ventral deflections. Merkel cells are thought to be activated when the whisker hair is deflected toward the opposite side of the follicle, in which the receptors are embedded (Gottschaldt et al. 1973) . Our findings suggest a moreextensive reinnervation of Merkel cells distributed around the dorsal aspect of the follicle.
Taken together, our results demonstrate substantial functional recovery of low-threshold mechanoreceptive afferent inputs by 8 wk following nerve transection with immediate surgical repair. Trigeminal ganglion cells in transected and repaired animals bear many similarities to those in normal animals. Cells could be readily found that responded to lowthreshold whisker movements, fired robustly to moving and sustained deflections in particular directions, displayed typical SA or RA profiles, and were engaged by deflections of one and only one whisker. On the other hand, at 8 wk post-transection, recovery, along most of these functional dimensions, was either incomplete (e.g., interspike intervals) or was abnormal altogether (e.g., topography). The time course and extent of recovery were receptor-type dependent. Central somatosensory circuits that mediate fine tactile discriminations operate at high spatial and temporal resolution. In this regard, the clearly abnormal topography in the trigeminal ganglion, likely reflecting a misrouting of regenerating distal axons, will have a substantially deleterious effect on CNS processing, which so too might be an inappropriate routing of SA and RA CNS pathways. Therapeutic treatments and interventions at the level of the peripheral and/or CNSs will likely require multifaceted approaches that address the broad spectrum of discriminative cutaneous nerve functions.
